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The liver responds to multiple types of injury with an extraordi-
narily well orchestrated and tightly regulated form of regenera-
tion. The response to partial hepatectomy has been used as a
model system to elucidate the molecular basis of this regenerative
response. In this study, we used cyclooxygenase (COX)-selective
antagonists and -null mice to determine the role of prostaglandin
signaling in the response of liver to partial hepatectomy. The
results show that liver regeneration is markedly impaired when
both COX-1 and COX-2 are inhibited by indocin or by a combination
of the COX-1 selective antagonist, SC-560, and the COX-2 selective
antagonist, SC-236. Inhibition of COX-2 alone partially inhibits
regeneration whereas inhibition of COX-1 alone tends to delay
regeneration. Neither the rise in IL-6 nor the activation of signal
transducer and activator of transcription-3 (STAT3) that is seen
during liver regeneration is inhibited by indocin or the selective
COX antagonists. In contrast, indocin treatment prevents the
activation of CREB by phosphorylation that occurs during hepatic
regeneration. These data indicate that prostaglandin signaling is
required during liver regeneration, that COX-2 plays a particularly
important role but COX-1 is also involved, and implicate the
activation of CREB rather than STAT3 as the mediator of prosta-
glandin signaling during liver regeneration.

The liver responds to many forms of injury, including trau-
matic, chemical, metabolic, or infectious injuries, with a

proliferative response in the remnant tissue (1–3). Studies using
partial hepatectomy (PH) in animal models have indicated that
this process is precisely regulated in its initiation, duration, and
termination, with the regenerative response proceeding only
until the liver to body weight of the animals has been restored
(4). Moreover, regeneration occurs while the liver continues to
perform its critical functions including glucose homeostasis,
protein synthesis, bile secretion, and toxin degradation.

Unlike other regenerating tissues (e.g., skin, gastrointestinal
epithelium, and bone marrow) the liver does not require a stem
cell population for regeneration. Instead, liver regeneration can
proceed by stimulation of existing, normally quiescent, mature
cellular populations to re-enter the cell cycle. After proliferation
and restructuring, the regenerative response stops and the cells
of the liver return to a state of quiescence. The molecular
mechanisms that regulate these events include early signaling
events such as increased production of hepatocyte growth factor
(5), TNFa, and IL-6 (6), followed by induction of a number of
immediate early genes (7). Subsequent changes occur in the
activity of several transcription factors, including increased
activity of NFkB, AP-1, signal transducer and activator of
transcription-3 (STAT3), CREB, and CCAAT enhancer binding
protein b (CyEBPb) and decreased activity of CyEBPa (8–13).
The transcription factor STAT3 has been shown to be specifically
activated after PH by gel shift analysis of hepatic nuclear extracts
(8). STAT3 is not activated during the impaired regenerative
response seen in the IL-6 null mouse and the TNFa receptor
1-null mouse (14, 15).

Several observations have suggested that prostaglandins, in-
cluding prostaglandin E2 (PGE2), prostacyclin, and thrombox-
ane, may be involved in growth regulation during liver regen-

eration (16–20). Prostaglandins are important mediators of
normal and abnormal growth control in many other tissues. For
example they appear to be involved in the regulatory aspects of
angiogenesis (21), early stages of pregnancy (22), and intestinal
crypt stem cell survival (23), and they have been implicated in the
pathogenesis of several types of cancer (22, 24).

Prostaglandins are also involved in the regulation of, or are
regulated by, a number of cytokines and growth factors, includ-
ing several that have been implicated in liver regeneration. For
example, the proinflammatory action of TNFa is in part medi-
ated by its induction of the prostaglandin-synthesizing enzyme
cyclooxygenase-2 (COX-2) (25). Furthermore, PGE2 stimulates
IL-6 production in macrophages (26).

Prostaglandins are synthesized from arachidonic acid that is
released from membrane phospholipid by phospholipase A2.
Arachidonic acid is oxidized by COX to generate the precursor
PGH2, which is further metabolized by specific synthases to form
prostaglandins, thromboxanes, and prostacyclins (27). Two COX
isozymes exist. Classically, these have been characterized as the
‘‘constitutive form’’—i.e., COX-1, which is present in most
tissues and mediates the synthesis of prostaglandins required for
normal or ‘‘housekeeping’’ functions—and the ‘‘regulated
form’’—i.e., COX-2, which is undetectable in most tissues but is
highly inducible (e.g., by inf lammatory mediators such as
TNFa). Gene disruption of COX-1 or COX-2 in mice gives rise
to distinct phenotypes (28–30). COX-1 null mice survive without
evidence of gastric pathology and with decreased sensitivity to
indocin induced gastric ulceration (28, 29), as well as delayed
parturition (31) and mild platelet abnormalities. In contrast,
COX-2 null mice develop nephropathy and cardiac fibrosis (30).

The precise nature of the role of prostaglandins in liver
regeneration, including whether components of the cytokine-
signaling cascade, cAMP-mediated signal transduction, or other
signal transduction pathways are prostaglandin-dependent and
what is the timing of this dependence, is not well-characterized.
Moreover, it is not known which cyclooxygenase isoform
(COX-1 or COX-2) is involved. In this study, we used recently
developed molecular genetic and pharmacological tools, includ-
ing mice with targeted gene disruption of COX-1, and enzyme
inhibitors that are potent and highly specific for COX-1 [SC-560
(32)] and COX-2 [SC-236 (33, 34)], to undertake detailed
analyses of these issues.

Materials and Methods
Animal Husbandry. Wild-type (wt) and IL-6 null mice were on a
C57BLy6 background (Jackson Laboratory, Bar Harbor, ME).
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COX-1 null mice were on a mixed C57BLy6 3 129SV back-
ground (29). All experiments were performed with 8- to 12-wk-
old male mice weighing '25–30 g. Mice were kept on 12-h
darkylight cycles and maintained on a standard diet of ad libitum
mouse chow and water before and after surgery. All experiments
were conducted in accordance with the institutional guidelines
of Washington University School of Medicine.

Animal Surgery. Partial hepatectomy, consisting of the removal of
the median and left hepatic lobes ('65%) was performed
according to the method of Higgins and Anderson (4) under
methoxyflurane anesthesia. Animals typically aroused within 30
min of surgery and were returned to their cages with ad libitum
access to food and water. For sham-operated animals, after
sedation, the liver was exposed then returned to the abdominal
cavity with wound closure.

For experiments with the COX antagonists, gavage dosing was
begun the evening before the surgeries and continued twice daily
until animal killing. Liver tissue was harvested into fixative or
snap frozen in liquid nitrogen and stored at 280°C.

COX Inhibitors. The COX inhibitors were prepared in PBS with
1% Tween-80. Indocin (Sigma) was used at a dose of 5 mgykg
twice daily. This dose of indocin has previously been shown to
suppress both COX-1 and COX-2 activity in a murine model
system (35). The COX-1- and COX-2-specific inhibitors, SC-560
(32) and SC-236 (33, 34), were generously provided by Monsanto
and were used at a dose of 10 mgykg twice daily. This dose of
SC-560 has been shown to specifically suppress COX-1-derived
prostaglandin synthesis in platelets (which only express COX-1)
but not COX-2-derived prostaglandin synthesis after lipopoly-
saccharide injection in the COX-1 null mouse (35). Similarly, this
dose of SC-236 efficiently suppresses COX-2-derived prosta-
glandin synthesis after lipopolysaccharide injection in the
COX-1 null mouse, but not COX-1-derived prostaglandin syn-
thesis in platelets (35). Mice given an equal volume of vehicle
(PBS with 1% Tween-80) were used as controls.

Histology. Mice were either injected with 100 mgyg of bromo-
deoxyuridine (BrdUrd, Sigma) 1 h before killing or had i.p.
implantation at the time of surgery of a BrdUrd containing
osmotic minipump (Alza, Newark, DE) delivering a flow rate of
1 mlyh (20 mgyml BrdUrd, 20 mgyh) for 3 days. Livers harvested
at killing were fixed for 24 h in 10% neutral buffered-formalin
and prepared for histological analysis. Paraffin-embedded sec-
tions of liver were stained with hematoxylin and eosin or for
BrdUrd by using the BrdUrd Immunohistochemistry kit (Am-
ersham Pharmacia) and hematoxylin as counterstain. For each
animal, at least three different random 3400 fields were exam-
ined and a total of 300–500 nuclei counted.

Prostaglandin Assays. Liver was weighed while frozen and then
homogenized in 100% ethanol for extraction of prostaglandins.
Debris was removed by centrifugation, and each supernatant was
assayed in duplicate for PGE2 and the prostacyclin deriva-
tive 6-keto-PGF1a by ELISA (Oxford Biomedical Research,
Oxford, MI).

IL-6 Assays. Mice underwent retroorbital phlebotomy at serial
time points after surgeries. IL-6 levels were measured by ELISA
by using the OptEIA mouse IL-6 kit from PharMingen.

STAT3 and CREB Western Blot Analysis. Total cellular lysates were
made from snap frozen liver by homogenization in 20 mM Tris
(pH 8), 1 mM sodium vanadate, 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 100 mM NaF, 10% glycerol, 50 mM b-glycero-
phosphate, and a protease inhibitor mixture (Sigma). Cellular
debris was pelleted at 10,000 3 g at 4°C. Protein concentration

was determined by using the Pierce bicinchoninic acid (BCA)
protein assay kit. Total cellular protein (25 mg) was subjected to
Western blot analysis for total and phosphorylated STAT3 by
using the PhosphoPlus STAT3 (Tyr-705) antibody kit (New
England Biolabs), and for total and phosphorylated CREB
(p-CREB) by using the PhosphoPlus CREB (Ser-133) antibody
kit (Cell Signaling Technology, Beverly, MA). Densitometric
analysis was performed with National Institutes of Health IMAGE
data analysis software.

Statistical Analysis. Data were analyzed by using SIGMA PLOT
software (SPSS, Chicago). ANOVA for multiple groups was
used to determine statistical significance for the BrdUrd-
labeling experiments, serum IL-6 determinations, and densito-
metric analysis of Western blot studies. x2 analysis was used to
determine statistical significance for mortality and weight data.
Data are reported as mean 6 SE.

Results
Characterization of Liver Regeneration in wt Mice by Using Two
Methods for Assaying Hepatocyte Replication. Two methods of
BrdUrd delivery were used to characterize the regenerative
response in wt mice after partial hepatectomy. In the first, the
BrdUrd injection technique, animals were subjected to PH,
allowed to recover, and then injected with BrdUrd 1 h before
killing at serial time points after surgery. Liver tissue was
harvested, fixed, and analyzed by immunohistochemistry for
BrdUrd. In this method, only cells in S phase between the time
of injection and the time of killing incorporate BrdUrd. Fig. 1
illustrates the BrdUrd-labeling profile observed in hepatocytes
of wt animals analyzed in this way. BrdUrd labeling of hepato-
cytes remains low 24 h after PH, rising to 46 6 9% at 36 h, and
steadily declining to 8 6 2% at 72 h after PH. This temporal
pattern is comparable to that previously described (14, 15). A
second method to quantify regenerative response, the BrdUrd
sustained-release technique, was developed to provide corrob-
orative data for the first method as well as to generate an
integrated measure of hepatocellular entry into S phase (BrdUrd
incorporation) spanning the peak of BrdUrd incorporation. This
method ensures that the peak of the proliferative response is not
missed, even if it is slightly affected by experimental manipula-
tion. In this method, animals were subjected to PH as described,
but with implantation of a BrdUrd-containing sustained-release
osmotic pump. Again animals were allowed to recover and killed
at serial time points after surgery, followed by harvest and
fixation of liver tissue and BrdUrd immunohistochemistry. The
results in Fig. 1 show that 63 6 15% of hepatocytes are labeled

Fig. 1. Hepatocyte BrdUrd labeling after PH. Percentage of hepatocytes that
label with BrdUrd by the injection method is plotted in line form and by the
osmotic pump method in bar form. Three to six animals were studied for each
time point and treatment group.
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with BrdUrd at 48 h after surgery, whereas 89 6 4% are labeled
after 72 h. There was no increase in hepatocyte BrdUrd labeling
after sham surgery (data not shown).

Indocin Inhibits Liver Regeneration. The wt mice were treated by
gavage with indocin, which inhibits both COX-1 and COX-2, or
with vehicle control and then subjected to PH. Animals treated
with vehicle exhibited a pattern of hepatocyte BrdUrd incorpo-
ration after PH very similar to that seen in untreated animals
(Fig. 2A), with a peak of incorporation of 39 6 4% at 42 h after
PH, after which BrdUrd incorporation steadily declined to 8 6
3% by 72 h after PH. In contrast, hepatocyte BrdUrd incorpo-
ration in the livers of indocin-treated animals exhibited marked
suppression compared to the vehicle control with 3 6 1%, 5 6
2%, and 8 6 4% of hepatocytes labeled at 36 h (P 5 0.009), 42 h
(P 5 0.002), and 48 h (P 5 0.09), respectively (Fig. 2 A). The
histological appearances as well as the immunohistochemical
patterns of BrdUrd labeling from control- and indocin-treated
animals at the peak of BrdUrd incorporation (42 h after PH) are
illustrated in Fig. 2B. For the BrdUrd-labeling experiments,
nuclei from proliferating cells stained brown and nuclei from
quiescent cells counterstained blue with hematoxylin. The re-
sults show abundant proliferating hepatocytes in mice treated
with vehicle and a markedly reduced number of proliferating
cells in mice treated with indocin. There was no evidence for
hepatic injury or other changes in liver histology after indocin
treatment. There were no statistically significant differences in
mortality (vehicle 10%; indocin 16%) or postoperative body
weight at 72 h after surgery (data not shown).

The COX-2-Specific Antagonist Inhibits Liver Regeneration, Whereas
the COX-1-Specific Antagonist Exhibits a Tendency to Delay Liver
Regeneration. Mice were treated with a COX-1-specific inhibitor
(SC-560), a COX-2-specific inhibitor (SC-236), or both and then
subjected to PH. Analysis of hepatocyte BrdUrd incorporation
in the livers of animals treated with the COX-1-specific inhibitor
(SC-560) showed a tendency toward delayed proliferation, with
peak values at 48 h instead of 42 h. In animals treated with
SC-560, 21 6 5% of hepatocytes labeled with BrdUrd at 36 h,
rising to 24 6 7% at 42 h and 31 6 3% at 48 h after PH (Fig.
3A). However the differences between these values and the
values for BrdUrd incorporation in mice given vehicle alone did
not reach statistical significance (P 5 0.11 at 42 h and P 5 0.40
at 48 h). Treatment with the COX-2-specific inhibitor (SC-236)

Fig. 2. Effect of indocin on hepatocyte BrdUrd labeling and liver histology.
(A) Percentage of hepatocytes that label with BrdUrd by the injection method
after vehicle or indocin treatment. Three to eight animals were studied for
each time point and treatment group. Significant differences were found at
42 h (P , 0.002). (B) Liver sections from vehicle- and indocin-treated animals
42 h after PH stained with hematoxylinyeosin or BrdUrd.

Fig. 3. Effect of COX-1- and COX-2-specific inhibitors on hepatocyte BrdUrd
labeling and liver histology. (A) Percentage of hepatocytes that label with
BrdUrd by the injection method is plotted for vehicle-, indocin-, SC-236-,
SC-560-, and SC-236 1 SC-560-treated animals. Three to eight animals were
studied for each time point and treatment group. Significant differences
between the vehicle control and the indocin, SC-236, and SC-236 1 SC-560
treatment groups were found at 42 h (P , 0.002). (B) Liver sections from
SC-236-, SC-560-, and SC-236 1 SC-560-treated animals 42 h after PH stained
with hematoxylinyeosin or BrdUrd.
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resulted in a more significant reduction in BrdUrd incorpora-
tion, with peak labeling at 42 h of 19 6 4% compared to 39 6
4% in the gavage control treatment group (P 5 0.015, Fig. 3A).
When animals were treated with a mixture of SC-560 and SC-236
the hepatocyte BrdUrd-labeling profile closely resembled that
seen with indocin, with 7 6 4% of cells labeled at 36 h, 6 6 4%
at 42 h, and 9 6 3% at 48 h (Fig. 3A). The histological
appearances as well as the immunohistochemical patterns of
BrdUrd labeling of the regenerating livers from animals treated
with SC-560, SC-236, or both recovered at the peak of BrdUrd
incorporation (42 h after PH) are illustrated in Fig. 3B. The
results show that in liver sections from animals treated with the
COX-1-specific antagonist there is a slight decrease in BrdUrd
labeled (brown stained) nuclei. In sections from animals treated
with the COX-2-specific antagonist, there is a more significant
decrease in these BrdUrd-labeled nuclei. Liver sections from
animals treated with the mixture of specific inhibitors contain
significantly decreased numbers of hepatocytes labeled with
BrdUrd, with the results comparable to those seen with indocin
treatment. Treatment with either the COX-1-specific inhibitor,
the COX-2-specific inhibitor, or the mixture did not result in any
apparent histological injury. There was no statistically significant
difference between the vehicle treated animals and those treated
with the COX-specific inhibitors in mortality (vehicle 10%,
SC-560 16%, SC-236 8%, mixture 0%) or postoperative body
weight (data not shown). Taken together these data show that
inhibition of COX-2 results in a significant reduction of the
hepatic regenerative response whereas inhibition of COX-1
tends to slightly delay regeneration. Furthermore, inhibition of
COX-1 and COX-2 with a mixture of the specific inhibitors
results in marked inhibition of hepatic regeneration, comparable
to that seen with indocin. These results argue against the
possibility that the inhibitory effect of indocin is because of a
nonspecific or toxic side effect.

To provide further evidence for the role of prostaglandins in
liver regeneration and the relative involvement of COX-1 and
COX-2, we used a different approach to analyze regenerative
activity, the sustained-release BrdUrd-containing osmotic
pump, and a different animal model, the COX-1 null mouse. The
pumps were placed in the abdomen of wt and COX-1 null mice
at the time of hepatectomy. Forty-eight hours later, the mice
were killed and their livers evaluated for BrdUrd incorporation.
The results show that BrdUrd incorporation into hepatocytes is
identical in COX-1 null mice (63 6 11%) to that seen in wt mice
(63 6 15%) but is markedly decreased in COX-1 null mice
treated with the COX-2-specific inhibitor, SC-236 (10 6 7%, P ,
0.04). These data provide further corroborating evidence for the
important role of COX-2 in liver regeneration, particularly in the
absence of COX-1.

Partial Hepatectomy-Induced Hepatic Prostaglandin Synthesis Is In-
hibited by Indocin Treatment. To investigate which prostaglandins
are involved in the hepatic regenerative response to PH, the
levels of specific prostaglandins in regenerating liver were mea-
sured, including PGE2 and 6-keto-PGF1a (a metabolite of
prostacyclin). Hepatic levels of PGE2 and 6-keto-PGF1a were
increased after PH with peak levels occurring 2 h after the
surgery (3- to 5-fold over baseline). Next, we examined the
magnitude of the effect of COX inhibition on peak PH-induced
hepatic prostaglandin production of PGE2 and 6-keto-PGF1a, by
using the dose of indocin shown to impair the hepatic regener-
ative response (5 mgykg bid). Hepatic levels of PGE2 and
6-keto-PGF1a were measured from the livers of animals treated
with vehicle or indocin and harvested 2 h after PH. PGE2 levels
were significantly suppressed by indocin as compared to vehicle
(34 6 14 vs. 92 6 12 ngyg liver, P , 0.02). Levels of 6-keto-
PGF1a were similarly suppressed (11 6 2 vs. 48 6 11 ngyg,

P , 0.01). These data indicate that indocin, at a dose that impairs
liver regeneration, inhibits prostaglandin synthesis.

Relationship Between Prostaglandin Metabolism and Cytokine Sig-
naling Pathways in Liver Regeneration. Previous studies have shown
that the cytokine-signaling pathway initiated by TNFa and IL-6
and mediated by the transcription factor STAT3 plays an im-
portant role in liver regeneration (3, 13, 14). To determine
whether prostaglandins function as part of this signaling pathway
during liver regeneration, we used two different experimental
strategies. First, we examined the effect of COX inhibitors on
plasma IL-6 levels during liver regeneration. Animals treated
with vehicle exhibited a rise in serum IL-6 to 542 6 90 and 578 6
76 pgyml at 4 and 6 h after PH, respectively (Fig. 4). This rise was
significantly increased over that of sham-operated mice at all
time points (P , 0.02). Indocin treatment did not inhibit the IL-6
response after PH, with a rise in serum IL-6 to 956 6 93 pgyml
noted 4 h after PH, declining to 695 6 134 pgyml 6 h after PH
(Fig. 4). Animals treated with the COX-1- or COX-2-specific
inhibitors exhibited serum IL-6 values comparable to those
observed in the vehicle control group (Fig. 4). These data show
that inhibition of COX-1 and COX-2 with indocin at doses
sufficient to impair liver regeneration does not inhibit the
associated rise in IL-6. In fact, the serum IL-6 levels noted in
indocin-treated animals were significantly greater than those
seen in vehicle control animals 4 h after PH (P 5 0.02).

Next, we determined the effect of COX inhibition on STAT3
activation during liver regeneration by Western blot analysis of
total STAT3 and phosphorylated STAT3. First, we used this
assay to examine the time course of STAT3 activation. The
results show the appearance of an 80-kDa band, corresponding
to phosphorylated STAT3 between 2 and 6 h after PH (Fig. 5A
Upper). The activation of STAT3 was specific and not because of
differences in protein loading as there was no change in the
amount of total STAT3 noted in these lysates from 0 to 12 h (Fig.
5A Lower). This time course of activation of STAT3 parallels that
described in previous reports using electrophoretic mobility gel
shift assay (8).

We next used the 2 h time point to examine the effect of COX
inhibition on STAT3 activation (Fig. 5B). The results show the
presence of abundant phosphorylated STAT3 in wt mice after
PH but much less in wt mice after sham surgery. The wt mice
subjected to PH and treated with vehicle or indocin exhibit
comparable amounts of phosphorylated STAT3 in hepatic ly-
sates to that seen in the untreated wt control. IL-6 knockout mice
were used as a negative control and showed a marked reduction
in phosphorylated-STAT3 after PH, consistent with previously
reported data using gel shift analysis (14). Comparable amounts

Fig. 4. Effect of COX inhibitors on serum IL-6 after PH. Serum IL-6 determi-
nation is plotted for vehicle-, indocin-, SC-236-, and SC-560-treated animals,
and for sham-operated animals. Three to four animals were studied for each
time point and treatment group.
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of total STAT3 were noted in all samples. Densitometric analysis
of three separate experiments (Fig. 5C) shows comparable
amounts of phosphorylated STAT3 to total STAT3 from the
livers of animals subjected to PH in the absence or presence of
vehicle or in the presence of indocin, with significantly reduced
activated STAT3 from sham-operated animals (P , 0.02 com-
pared to animal subjected to PH) or IL-6 knockout mice
subjected to PH (P , 0.05). These data show that STAT3
remains activated even though regeneration is impaired during
COX inhibition.

Relationship Between Prostaglandin Signaling and cAMP-Signaling
Pathways in Liver Regeneration. Prostaglandins mediate many of
their protean biological activities by binding to G protein
coupled transmembrane receptors, which modulate cAMP sig-
naling (36). The action of cAMP is in part mediated by its binding
to and activation of a protein kinase which, in turn, phosphor-
ylates and activates the DNA binding protein CREB, the cAMP
response element binding protein. To determine whether pros-
taglandin activity during liver regeneration depends on modu-
lation of this signaling pathway, the effect of COX inhibition on
CREB activation during liver regeneration was examined by

Western blot analysis of total and phosphorylated-CREB (p-
CREB). First, we used this assay to examine the time course of
CREB activation. The results show the appearance of a 43-kDa
band, corresponding to p-CREB, in a biphasic manner 1–2 h and
again 12–24 h after PH. These changes in the level of p-CREB
were not associated with corresponding changes in the level of
total CREB (Fig. 6A). These observations are consistent with
previous studies of cAMP and CREB activation after PH (13).

Next the effect of COX inhibition on CREB activation was
examined at 1 h and 12 h after PH. The results show the presence
of p-CREB in hepatic lysates from wt mice subjected to PH and
treated with vehicle at 1 h after PH, with significantly reduced
amounts of p-CREB in lysates from animals treated with indocin
and subjected to PH or sham-operated animals at the same time
point (P , 0.05, Fig. 6B). The differences seen in the amount of
activated CREB between the treatment groups was not ex-
plained by changes in the levels of total CREB, which were not
significantly different between the treatment groups (Fig. 6B).
Densitometric analysis of these results (Fig. 6C) shows that
activation of CREB after PH is significantly inhibited by COX
inhibition. Similar analysis of hepatic lysates harvested 12 h after
PH showed there was also a reduction in the amount of p-CREB
in indocin- vs. vehicle-treated animals; however this difference
did not reach statistical significance (data not shown).

Fig. 5. Hepatic STAT3 activation after PH in the presence or absence of COX
inhibition. (A) Western blot analysis of phosphorylated and total STAT3 in
hepatic lysates at serial time points after PH. (B) Western blot analysis of
phosphorylated and total STAT3 from hepatic lysates of wt mice subjected to
PH, sham surgery (sham), subjected to PH while treated with PBS, subjected to
PH while treated with indocin, or IL-6 null mice subjected to PH (IL-6 knockout)
is shown. Lysates were prepared from liver harvested 2 h after surgery. (C)
Densitometric analysis of the ratio of phosphorylated STAT3 to total STAT3
from three separate experiments.

Fig. 6. Hepatic CREB activation after PH in the presence or absence of COX
inhibition. (A) Western blot analysis of phosphorylated and total CREB in
hepatic lysates at serial time points after PH. (B) Western blot analysis of
phosphorylated and total CREB from hepatic lysates of mice subjected to PH
in the presence of vehicle (PBS) or indocin or mice subjected to sham surgery
is shown. Lysates were prepared from liver harvested 1 h after surgery. (C)
Densitometric analysis of the relative amounts of p-CREB from three separate
experiments.
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Discussion
The results indicate that prostaglandins are required for liver
regeneration to proceed efficiently after PH. The temporal
pattern of hepatocyte DNA synthesis (BrdUrd labeling) noted
after PH in animals treated with a COX-2-specific inhibitor
demonstrated marked impairment in regenerative response and
therein indicated an important role for COX-2. Although there
was only a slight delay in regeneration in mice treated with the
COX-1-specific antagonist and no decrease in overall hepato-
cyte replication in COX-1 null mice, a role for COX-1 was
implicated by the greater effect of indocin and the combination
of the COX-1- and COX-2-specific antagonists than for the
COX-2-specific antagonist alone, as well as by the marked effect
of the COX-2-specific antagonist in COX-1 null mice. Indeed,
these data suggest that COX-2 may compensate for chemical or
genetic inhibition of COX-1 activity.

Previous studies have implicated TNFa and IL-6 as being
important in liver regeneration (14, 15, 37): TNFa receptor
1-deficient mice and IL-6 null mice exhibit impaired regenera-
tion in response to PH (14, 15). IL-6 supplementation at the time
of surgery rescues the regenerative response in both of these
genetic backgrounds indicating that TNFa is upstream of IL-6 in
this important signaling pathway during liver regeneration. The
results of our studies show that IL-6 levels remain elevated and
STAT3 remains activated during the hepatic regenerative re-
sponse that is impaired by indocin. These results suggest that
prostaglandin signaling is independent of the cytokine-signaling
cascade during liver regeneration. Instead, the results implicate

cAMP-mediated signaling pathways, including the activation of
CREB, in the mechanism by which prostaglandins influence
liver regeneration. Interestingly, recent studies have suggested
that CREB plays a role in the transcriptional regulation of
CyEBPb in vivo (38). CCAAT enhancer binding protein b
(CyEBPb) is now known to be required for liver regeneration
and its effect on the regenerative response also involves a
mechanism that is independent of STAT3 activation (12, 14, 15).

The results of our studies also suggest that COX-1 and COX-2
may play distinct roles during liver regeneration. This concept
has previously been established in studies of angiogenesis in-
duced by colon cancer cells (21). In those studies, COX-2
modulated the production of angiogenic factors, such as vascular
endothelial growth factor, by colon carcinoma cells, whereas
COX-1 directly modulated the angiogenic activity of endothelial
cells. Future studies will address what specific perturbations in
hepatic transcriptional regulation occur during liver regenera-
tion when prostaglandin synthesis is impaired pharmacologically
or genetically and whether these events are primarily dependent
on COX-1- or COX-2-derived prostaglandins.
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